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In Brief Wallner et al. show that all Y chromosome lineages in modern horse breeds arose after domestication and that most stallion lines of European and American breeds can be traced back to an Oriental ancestor.
SUMMARY
The Y chromosome directly reflects male genealogies, but the extremely low Y chromosome sequence diversity in horses has prevented the reconstruction of stallion genealogies [1, 2] . Here, we resolve the first Y chromosome genealogy of modern horses by screening 1.46 Mb of the male-specific region of the Y chromosome (MSY) in 52 horses from 21 breeds. Based on highly accurate pedigree data, we estimated the de novo mutation rate of the horse MSY and showed that various modern horse Y chromosome lineages split much later than the domestication of the species. Apart from few private northern European haplotypes, all modern horse breeds clustered together in a roughly 700-year-old haplogroup that was transmitted to Europe by the import of Oriental stallions. The Oriental horse group consisted of two major subclades: the Original Arabian lineage and the Turkoman horse lineage. We show that the English Thoroughbred MSY was derived from the Turkoman lineage and that English Thoroughbred sires are largely responsible for the predominance of this haplotype in modern horses.
RESULTS AND DISCUSSION
The male-specific region of the Y chromosome (MSY) in mammals is transmitted without recombination from fathers to sons and reflects the migratory and demographic history of males exclusively [3, 4] . Using mtDNA as the female counterpart, it is possible to contrast the demographic history of males and females of a single species [5] . The horse (Equus caballus) provides a particularly striking example of different demographic patterns between the two sexes. In contrast to the high mtDNA diversity, with coalescence times clearly pre-dating domestication [6] , the MSY has extremely low diversity [1, 2] .
The low MSY diversity cannot be explained by a low mutation rate; the Y chromosome lineages of modern horses are clearly distinct from those of the Przewalski's horse (E. przewalskii) [7] , and prehistoric horses have much more diversity [8] [9] [10] . Rather, the presence of only six Y chromosome haplotypes (HTs) in modern European horse breeds [2] and the limited microsatellite variability [11] [12] [13] suggest an extremely low effective population size of males. The decline of Y chromosome diversity in horses likely started about 5,500 years ago with genetic bottlenecks during the domestication process [14, 15] and was further enhanced by multiple prehistoric and historic waves of migration [16] [17] [18] . Most so-called ''modern horse breeds'' are the result of centralized and organized horse breeding over the past few hundred years [19] . During this period, inbreeding and line-breeding concepts became popular, and the entire horse population has been strongly affected by these strategies.
Of particular importance was the trend to import stallions from foreign studs to improve local herds. In central Europe, this practice started in the 16 th century with the popularity of Spanish and Neapolitan stallions. Until the end of the 18 th century, the Central European horse population was shaped by the introduction of ''Oriental stallions,'' and during this period imports were largely restricted to Turkoman (from the steppes of central Asia) and Arabian (from the Arabian Peninsula) stallions [19] [20] [21] [22] [23] . Stallionmediated improvement peaked in the 19  th and 20  th centuries with the enormous influence of the English Thoroughbred. The English Thoroughbred has had a closed studbook since 1793 and was founded by an earlier introgression of Oriental stallions, bred to local mares [24] [25] [26] [27] . This breeding history has led to a situation in which only a handful of founder lineages remain within modern horse breeds [19] and the breeding success of imported bloodlines might have resulted in the complete replacement of autochthonous Y chromosome variants. Recent founder effects have therefore had a major impact on MSY diversity in horses. Using high-resolution MSY haplotyping, we aimed to unravel the origin of influential founder stallions and to determine their genetic influence on contemporary horse populations.
Human studies have shown the potential to screen large regions of the MSY in multiple samples to detect single nucleotide variants (SNVs) and small insertion/deletions (indels) and thus to derive detailed MSY genealogies [28] [29] [30] [31] [32] [33] . Its highly repetitive structure makes the Y chromosome the most challenging mammalian chromosome to sequence and assemble [34] , and the MSY sequence is nearly complete for only a few species. Nevertheless, Y-linked regions can be partially assembled using next-generation sequencing data [35] [36] [37] [38] [39] [40] , even if they are surrounded by repetitive DNA.
We generated a horse MSY reference sequence and subsequently used it for variant calling using short-read data from multiple individuals. To generate the reference, we initially enriched for male-specific reads by mapping paired-end Illumina reads from the genomes of three male Lipizzan stallions to the published female horse reference. We then performed a de novo assembly of all unmapped reads ($0.7% of the total reads) and obtained contigs with a total length of 13.6 Mb ( Figure S1A ). Because the reference assembly is based on an English Thoroughbred, the de novo contigs are a mosaic of MSY sequences and Lipizzan-specific autosomal and X chromosome insertions. Very stringent filtering criteria were applied to extract male-specific sequences. We mapped Illumina reads from 27 male horses of different breeds and from five females to the de novo assembled contigs. A contig was defined as MSY-linked if it was covered by male reads and not by female reads. We obtained 2,794 preliminary MSY contigs covering a length of 1.67 Mb. Details of mapping coverage are given in Figure S1B and Data S1. We scrutinized our pipeline by validating 84 of the 2,794 Y contigs by PCR using male and female horse DNA as templates and found that 100% of our MSY contigs were male-specific ( Figures S1D-S1F ). In the final filtering step, multi-copy contigs were removed. Based on a mean normalized average coverage of %1.5 ( Figure S1C ), we obtained a reference of 2,491 highquality single-copy (scpMSY) contigs covering 1.46 Mb (see workflow including main results in Figure 1) .
To detect variants, we mapped whole-genome next-generation sequencing data for 52 male domestic horses from 21 different breeds to the nonrepMSY reference, including a Przewalski's horse and a donkey sample as outgroups. Using haploid variant calling, we considered all SNVs and small indels on the scpMSY with at least 2-fold coverage. We called 867 variants in domestic and Przewalski's horse samples. In total, 53 domestic (50 SNVs and three indels) and 284 Przewalski's horse (271 SNVs and 13 indels) variants passed several filtering steps and were categorized as ''true'' variants (Data S2). Fifty-two domestic and 12 out of 12 randomly chosen Przewalski's horse variants were confirmed by independent validation ( Figure S2B ). The coverage for the donkey sample was fragmented, with only 80% of the scpMSY region covered. We therefore only considered the donkey to determine the ancestral state of horse SNVs and small indels. Together with four published MSY variants [2] , the 49 SNVs and three indels formed 24 individual HTs in our sample of 52 modern horses (Data S3).
A maximum-parsimony tree was built based on inferred domestic horse HTs using the Przewalski's horse and the donkey sequence as outgroups (Figure 2 ). The two deepest splits in the MSY ancestry separated northern European samples with two well-supported branches: N (Shetland pony and Norwegian Fjord horse) and I (Icelandic horse). Two sequence variants (rAX and rAY) defined a crown group, which was a sister group to I and contained 47 samples. Within the crown group, we observed a polytomy with four branches (A, L, S, and T). The Arabian horse, two Arabian-influenced Trakehner stallions, a South German draft horse, and Connemara ponies were included on branch A. Stallions with an Iberian origin, namely a Lipizzan sire lineage with documented Spanish ancestry and a Sorraia See also Figure S1 and Data S1. male, were located on branches L and S. Branch T was defined by the SNV rA and corresponded to the previously described HT2 [2] . This group contained more than two-thirds of our samples (37), all of which have a documented English Thoroughbred paternal ancestry, except the Franches-Montagnes horse (Tu).
Nucleotide diversity was extremely low (Watterson's q: 7.9 3 10 À6 for all domestics, 4.8 3 10 À6 for the crown group), suggesting a recent common ancestor for all HTs. With the caveat of the possible underestimation of branch lengths due to missing variants, our whole-genome sequencing approach provides a SNV set that can be used to date the nodes in the genealogy without ascertainment bias. We estimated the mutation rate of the horse MSY using four variants (rO, rE, rF, and rL) that occur in documented pedigrees ( Figures S3A-S3C ). Based on 1.36 Mb MSY sequence screened and 101 generations covered by the pedigree, we inferred a mutation rate of 2.91 3 10 À8 /bp/generation, an estimate that agrees well with the rate observed in the human MSY [30, 41] . Assuming a mean generation time of 7 years, we dated the most recent common ancestor (TMRCA) of the crown group (A-L-S-T) to 647 ± 229 years ago. The entire tree coalesced as recently as 1,328 ± 380 years ago, and TMRCA of Przewalski's horse and domestic horse Y chromosomes was dated to 23,716 ± 1,975 years before present ( Figure 3A ). Because our estimated mutation rate per generation was based on only four mutations, it is not very robust. Furthermore, estimates of the generation times of horses are quite variable [6, 16, [42] [43] [44] , resulting in a wide range of TMRCA estimates ( Figure 3B ). Within the limits of our assumptions, all estimates were consistent with the view that the modern horse MSY lineages arose from a single founder that lived after the domestication of the species.
To address whether the observed phylogeny covers the male breeding stock of modern breeds, we evaluated the MSY HT distribution by genotyping 56 MSY variants in a comprehensive set of 363 males representing 57 modern breeds. A pedigree-based sampling strategy was used to cover the influential lines of a given breed and to avoid oversampling of relatives. A detailed list of samples is given in Data S4. We detected 36 HTs; Figure 4A gives the HT network rooted with the Przewalski's horse. Even in the larger sample, haplogroups N and I were restricted to northern European breeds, with the single HTs Nf in the Norwegian Fjord horse, Ns-1 in a Swedish Coldblood horse, and Ns-2/3 in Shetland ponies. Particularly remarkable is the high HT diversity in the Icelandic horse (I-1 to I-4).
All remaining horse breeds clustered within the A-L-S-T crown group and mapped either to recent branches or to the basal node (X). This implies that MSY diversity in modern horses was not underestimated due to ascertainment bias for MSY variants. Grouping breeds by phenotypic characteristics, geographic origin, and breeding history revealed that MSY HTs were distributed unevenly ( Figure 4B ). Horse breeds influenced by Arabians and Arabian studs carried HTs Ao and T, whereas all English Thoroughbreds carried Tb, with Tb-dW approaching fixation. Tb and Tb-dW were also predominant in European and American sport horses influenced by the English Thoroughbred. The strong influence of Arabian (Ao) and Iberian (S and L) lineages was evident in draft horses, pony breeds, and baroque breeds. The Ad lineage was restricted to these three groups of breeds (Data S4).
MSY markers specific to particular founder lines can be used to identify the origin of founder studs and to determine their influence on the global horse population. We initially reconstructed the paternal genealogy of descendants of three English Thoroughbred founders, Darley Arabian (1700), Byerley Turk (1680), and Godolphin Arabian (1724). Our samples included 110 descendants of Darley Arabian, 22 of Byerley Turk, and seven of Godolphin Arabian. The pedigree reconstruction and genotyping results are given in Figure S4 . We assigned HT Tb-d to Darley Arabian, and the predominant HT Tb-dW1 (defined by the variant rD) was in agreement with the described HT3, representing the English Thoroughbred stallion Whalebone (1807) [2] . Out of the five pedigree errors observed in the descendants of Darley Arabian, one occurred in the lineage of King Fergus (1775). Although fewer samples were available for the other two founder stallions, we identified an association of HT Tb with Byerley Turk. The major HT in the Godolphin Barb samples was Tb-g2, but based on the comparatively low number of samples and their coalescence at Comus (1809) ( Figure S4C ), this founder stallion might have had HT TB-g or even Tb. A reconstruction of the HTs of 32 other stallions is presented in Data S4.
While the sub-branches of Tb (Tb-g, Tb-k, Tb-r, Tb-dW, and Tb-dM) can definitely be attributed to English Thoroughbred stallions, the basal HT Tb was also found in breeds with no documented English Thoroughbred influence, such as the Hucul and Lipizzan stallion lines. None of the classical breeds commonly used for refinement (i.e., Spanish, Barb, and Arabian horses) carried Tb. To identify the origin of Tb, we extended our samples by including the Akhal-Teke, the remnant of the Turkoman horse [19, 45] , and found that Tb is the most frequent HT among 78 Akhal-Teke males (81%, Figure 4B ). Thus, Tb is likely of Turkoman origin and spread widely by English Thoroughbred stallions. Additionally, the presence of Tb in many European breeds with no documented influence of English Thoroughbred stallions shows the influence of Turkoman stallions, independent of the English Thoroughbred. This finding corresponds to the geopolitical development of the region [22] .
We conclude that the MSY crown group (A-L-S-T) in present breeds is a footprint of the ''Oriental horse,'' with haplogroup Tb attributed to a Turkoman origin and haplogroup Ao unambiguously derived from ''Original Arabians.'' Some descendants of Original Arabians clustered on the node basal to haplogroup T ( Figure 4A , green circle). While this finding seems to contradict our hypothesis that there were two distinct male lineages for the Oriental founder populations, it might be explained by incomplete lineage sorting in ancestral populations or by an underestimation of private alleles. It might also simply reflect the inability of European horse traders on the Oriental horse markets in the 19 th century to accurately identify ''purebred'' Arabian stallions [16, 17] . Variants specific to focal lines will be key to further studies of high-resolution, unbiased horse paternal genealogies. The horse non-repetitive MSY reference makes the identification of biallelic markers for a larger number of samples straightforward. It covers 1.67 Mb of the 15 Mb-spanning euchromatic part of the horse MSY [46, 47] and consists only of MSY sequences that lack homology to the X chromosome and to heterochromatic and repeat-rich regions. Based on the estimated de novo mutation rate of the horse MSY and the length of single-copy regions of the MSY, an average of 1 in 25 offspring of a particular stallion are expected to carry a new mutation. Customized target enrichment methods [48] for MSY regions before sequencing make the identification of diagnostic SNVs affordable. It is thus feasible to ascertain diagnostic SNVs for a broad range of samples and stallion-line tracing, even for recently established lines.
Although it was founded less than 1,000 years ago from only a few Oriental stallions, the A-L-S-T crown group now accounts for most stallion lines in modern horse breeds. Similar to the deep-branching northern lines, we expect additional rural breeds, especially those from Asia, to harbor more autochthonous MSY variation [9, 15, 49, 50] . However, even with more data from extant horses, MSY branches may be too shallow to reach back to the beginning of domestication. Time series data from fossils should be included in analyses to elucidate the domestication process from the male perspective. The MSY phylogeny of modern horses can serve as a framework for the interpretation of MSY diversity in autochthonous and ancient samples.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
For NGS sequencing aliquots of blood samples from four healthy Lipizzan horses (two adult males, one adult female, one male foal) were collected as part of routine diagnostics at the Piber Stud. Hair root samples from 498 male horses were derived from breeding associations and private horse owners. If pedigrees were available, the information was considered in the sampling scheme to ensure that established stallion lines within a breed were represented. We avoided oversampling of relatives by keeping only one sample in case of a paternal relationship within the last three generations. All samples were anonymized. The study was discussed and approved by the institutional ethics and welfare committee of the University of Veterinary Medicine Vienna in concordance with GSP guidelines and national legislation (ETK-10/05/2016).
METHOD DETAILS Samples and Raw Data Processing
Whole genome paired-end Illumina reads from 57 domestic horses, one Przewalski's horse and one donkey generated at different sequencing facilities, were used (Data S3). After removal of adaptor sequences, a quality-based trimming was performed for all samples using PoPoolation [51] . /popoolation_1.2.2/basic-pipeline/trim-fastq.pl quality-threshold (20) , min-length (40), discard-internal-N (0), trim-quality (1), verbose ( (1) MSY De Novo Assembly NGS data from three Lipizzan stallions (Lip111, Lip113, Lip169) were mapped to the female horse reference genome equCab2 (female English Thoroughbred) [52] . Mapping and de novo assembly of the unmapped reads was performed with CLC Workbench 5.5.1. CLC Workbench 5.5.1 Mapping no masking; READ ALIGNMENT: mismatch cost 2; insertion cost 3; deletion cost 3; length fraction 0,5; similarity fraction 0,8; NONSPECIFIC MATCH HANDLING: map randomly; OUTPUT OPTIONS: create reads track; collect unmapped Assembly NO SCAFFOLD; -no global alignment; -update contigs -yes
Extraction of MSY Specific Contigs
First NGS data from 27 male and 5 female horses (Data S1) were mapped to the de novo contigs using bwa [53] , followed by removal of PCR duplicates and filtering for mapping quality using samtools [54] . bwa-0.7.5a/bwa aln -I -t 8 -n 0.02 -l 200 reference.fasta filename_trimmed_1.fastq.gz > filename_1.sai bwa-0.7.5a/bwa aln -I -t 8 -n 0.02 -l 200 reference.fasta filename_trimmed_2.fastq.gz > filename_2.sai bwa-0.7.5a/bwa sampe -r '@RGytID:L2ytPL:ytLB:lib1ytSM:identif' reference.fasta filename_1.sai filename_2.sai filename_ trimmed_1.fastq.gz filename_trimmed_2.fastq.gz > filename. Second coverage percentage (covperc) was computed using bedtools [55] . Filtering criteria for the MSY specific contigs were: contiglength > 199, covperc > 0.66 in each male sample and covperc < 0.25 in each female sample (Data S1). bedtools-2.17.0/bin/coverageBed -abam filename_only_mapped_sorted_nodupSAMTminusS_MQ20.bam -b reference.bed > filename_only_mapped_sorted_nodupSAMTminusS_MQ20.table
MSY Specificity Check
Mapping results to nonrep MSY from males versus females were checked for 400 contigs in IGV browser [56] . We validated Y-specificity of 84 contigs by PCR. Therefore we designed primers to amplify fragments from 81-687 bp (Data S1) using Primer3 [57] and PCR products were amplified from male and female genomic DNA ( Figure S1 ).
Selection of Single-Copy MSY Contigs
To predict the copy number of the nonrepMSY contigs we computed the average coverage (averagecov) for each contig in each horse using bedtools [55] and R [58] . We corrected for the coverage drop at the first and last 35 bases in each contig. Contigs with a mean normalized average coverage (MNAC) % 1.5 over all male samples were retained in the scpMSY reference. Detailed results are given in Data S1.
MSY Variant Ascertainment
NGS reads (52 male domestic horses, 5 female domestic horses, a Przewalski's horse and a donkey) were mapped to the nonrepMSY reference as described in 'Extraction of MSY specific contigs'. Sample details are given in Data S3 and average mapping coverage on scpMSY contigs in Figure S2 . Only three domestic males (M4513, M4514 and M4476) had an average coverage < 2. In all except one sample (Icel_Orl) the mean coverage on scpMSY contigs was about half of the estimated overall genome coverage, estimated from input NGS data. In Icel_Orl, the large amount of input data (48.4x) is at odds with a coverage of only 2.81 x after scpMSY mapping, due to the high number of PCR-duplicates in this sample. Only SNVs and small indels on scpMSY contigs were retained. As the scpMSY should be hemizygous, sites were only considered, if they did not exhibit variation within a single individual and were supported by at least two independent reads. After this filtering step, we arrived at a list of 876 variants (Data S2).
grep -v '^#' filename_trimmed_only_mapped_sorted_nodupSAMTminusS_MQ20.vcf j grep 'AF1 = 1' > filename_trimmed_only_ mapped_sorted_nodupSAMTminusS_MQ20_AF1.nohvcf
MSY Variant Categorization
The count of SNVs (#876 variants) was far higher than our expectations. Supposing a significant number of false polymorphic sites (reviewed in [4] ), we grouped the variants into categories and checked them in IGV browser before further independent validation steps.
False positives are expected from incorrectly mapped reads from autosomal paralogous regions, so we defined a false positive group containing variants that were called in female samples only (category: false_positive_female_only, # 66). The sample 'Icel_Orl' had a significantly higher number of private variants than all other samples, together with lots of PCR duplicates (category: false_positive_ICEL_ORL_only, #205); the third group is defined as reference errors because the alternative allele was detected in all samples (category: reference_errors #36); finally we define as 'false positive' all variants that had heterozygous calls in some samples, and/or a second variant called within 100 bp and didn't pass the IGV browser check (category: false_positive #232).
Accordingly, true MSY variants had no heterozygous call in any sample, were not called in any female horse, had no second variant called within 100 basepairs and passed the IGV browser check. We could define 53 true positive variants in domestic horses (category: domestic_true_positive) and 284 in the Przewalski's horse (category: prz_true_positive). Variant information, parameters used for classification and categories are listed in Data S2.
MSY Variant Validation
We selected the 53 domestic_true_positives, 12 Prz_true_variants and 27 not_true_variants (representing all four categories) for independent lab validation. LGC KASP assays were designed for the 53 modern positive variants whereas the selected Przewalski's horse variants and the false positives were resequenced with Sanger technology. KASP screening was performed as described by the supplier on a CFX96 Touch Real-Time PCR Detection System. One domestic_true_positive variant (rOJ) had to be confirmed with Sanger sequencing, because of the variant surrounding sequence was not appropriate for KASP design. Primers for Sanger sequencing and sequences used for KASP design are given in Data S2 and validation results are given in Figures S2B-S2D .
MSY Haplotypes
In addition to the variants described above, five previously published domestic horse MSY variants [2] and four ancient domestic variants [8] were genotyped by mapping NGS reads to the respective reference regions (GenBank ID: AC215855.2, JX565703, GQ495709.1, GQ495727.1, GQ495745.1, GQ495736.1, GQ495718.1, GQ495754.1, GQ495763.1, GQ495781.1, GQ495772.1). The variants that defined an ancient domestic horse HT were not detected in any of the domestic horse samples used herein. 
MSY Mutation Rate Calculation
The paternal relationship of 10 warmblooded horse samples was reconstructed from deep rooting pedigrees to count the number of generations ( Figure S3 A-C) . We determined the mean length of the scpMSY sequence region, covered by at least two independent reads, in these horses. A de novo mutation rate (mutation rate medium) was calculated by dividing the number of de novo mutations (4) per 101 generations (meioses) by the length of the sequence (93,19% of the scpMSY region; 1,359,621 nucleotides). In addition to the de novo rate based on the observation of 4 mutations we also calculated TMRCA under the the assumption of observing only 3 (mutation rate slow) or even 5 (mutation rate fast) de novo mutations. TMRCA Estimation TMRCA and its standard deviation were estimated for clades within the PAUP outfile (not considering gene conversion rOP on branch Nf; and the large deletion rBE on branch Ns) using rho statistic [61] implemented in Network 4.614 [62] . For TMRCA calculation we considered four generation times (5, 7, 9 and 12 years.) Results are shown in Figure 3 .
MSY Variant Screening and HT Distribution
Genomic DNA was isolated from hair roots using nexttecTMÒ. For genotyping, competitive allele-specific PCR SNP genotyping assays (KASP) were used for all except three MSY-variants (see Data S3). For some variants that are positioned close to the contig ends, the contig sequence was manually elongated based on read overhangs to increase the flanking region for primer design. KASP screening was performed as described on a CFX96 Touch Real-Time PCR Detection System. Female samples were included, in order to check MSY specificity of the KASP-assays. No specific signal was observed in female samples in any MSY variant. Variant rOJ and the gene conversion (rOP) were genotyped by Sanger sequencing. The large deletion (rBE) was screened with PCR and products visualized on an agarosegel as described previously [2] . Based on the haplotypes a median-joining network was generated with the program NETWORK 4.612.
Pedigree Reconstruction
For pedigree reconstruction, information provided by breeding associations and matched information from several web-based databases was used (Key resources table). All database informations were last accessed in July 2016.
QUANTIFICATION AND STATISTICAL ANALYSIS
TMRCA and its standard deviation were estimated with rho statistic [61] implemented in Network 4.614.
DATA AND SOFTWARE AVAILABILITY
The accession number for the whole genome sequencing reads of Lipizzan horses reported in this paper is NCBI Short Reads Archive: PRJNA357976; the accession numbers of sequenced MSY regions are NCBI Short Reads Archive: PRJNA353951 and PRJNA353919. The nonrepMSY Genome has been deposited at DDBJ/ENA/GenBank under the accession MPVR00000000. The version described in this paper is version MPVR01000000. Variants have been submitted to NCBI dbSNP: ss 2137144001 -ss2137144052.
